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ABSTRACT
LS I +61◦303 is a γ-ray emitting X-ray binary with periodic radio outbursts with time
scales of one month. Previous observations have revealed microflares superimposed on these
large outbursts with periods ranging from a few minutes to hours. This makes LS I +61◦303,
along with Cyg X-1, the only TeV emitting X-ray binary exhibiting radio microflares. To
further investigate these microflaring activity in LS I +61◦303 we observed the source with
the 100-m Effelsberg radio telescope at 4.85, 8.35, and 10.45 GHz and performed timing
analysis on the obtained data. Radio oscillations of 15 hours time scales are detected at all
three frequencies. We also compare the spectral index evolution of radio data to that of the
photon index of GeV data observed by Fermi-LAT. We conclude that the observed QPO could
result from multiple shocks in a jet.
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1 INTRODUCTION
It is a known fact that a subclass of X-ray binaries and a subclass
of Active Galactic Nuclei (AGN) are sources of radio emission.
There is evidence that radio outbursts in these systems are super-
imposed by microflaring activity of lower amplitude and short time
scales. These short timescale variations, characterised as Quasi Pe-
riodic Oscillations (QPO) (Fender et al. 1997), may change period
between different epochs or are present in a relatively short in-
terval of time, with few oscillations. In X-ray binaries with radio
jets, i.e., microquasars (Mirabel & Rodríguez 1999), QPO were
first observed in the black hole system V404 Cyg where a range
of 22–120 min sinusoidal radio variations were observed during
the decay of a radio outburst (Han & Hjellming 1992), and more
recently Plotkin et al. (2017) found correlation between radio and
X-ray variability on minute time scales. Short-term radio variabil-
ity on time scales of ∼1 hour was observed in Cyg X-1 (Marti et al.
2001). QPO in GRS 1915+105 have been extensively studied, e.g.,
by Pooley & Fender (1997), who revealed QPO with periods in the
range of 20–40 min; observations by Rodríguez & Mirabel (1997)
showed oscillations of 30 min. Also, Fender et al. (2002) performed
an analysis at dual radio frequencies and again revealed QPO with
periods of ∼30 min following the decay of a major outburst. More-
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over, the radio spectral index α oscillates from negative to positive
values (see Fig. 2 in Fender et al. 2002). Fender & Pooley (1998)
demonstrated that infrared oscillations precede the radio ones, and
both oscillations have similar period and shape. In simultaneous
radio and X-ray observations of GRS 1915+105, Klein-Wolt et al.
(2002) showed that X-ray dips were associated with radio peaks.
Oscillations with time scales of days are known to occur in Cyg X-
3 (Zimmermann et al. 2015). These longer period QPO are present
in both total flux density and radio spectral index (Fig. 1).
QPO seem to be a general phenomenon associated to the
ejections in accreting systems and have in fact been observed
also in AGN. X-ray QPO of 55 minutes have been indicated
in the flat spectrum radio quasar 3C 273 (Espaillat et al. 2008)
and QPO of ∼60 minutes have been observed in the narrow-line
Seyfert 1 Galaxy RE J1034+396 (Gierlin´ski et al. 2008). Rani et al.
(2010) found evidence for optical QPO of 15 minutes in the blazar
S5 0716+714 in R-band.
The physical process behind QPO is still a matter of debate,
three explanations are discussed. The first hypothesis explains QPO
as the result of a single shock propagating down a helical jet and
producing increased flux each time the shock meets another twist
of the helix at the angle that provides the maximum Doppler boost-
ing for the observer (Rani et al. 2010). In the second scenario, QPO
could be related to shocks passing down the jet and accelerating
particles in situ (Klein-Wolt et al. 2002, and references therein).
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As a third explanation, QPO have been related to discrete ejections
of plasma. Multi-wavelength QPO observations of GRS 1915+105
(see references in Mirabel & Rodríguez 1999) have been inter-
preted as periodic discrete ejections of plasma, with a mass of about
∼ 1019 g and at relativistic speeds, with subsequent replenishment
of the inner accretion disk.
Testing possible models for the origin of QPO is still compli-
cated because of insufficient statistics. Remaining open questions
include: How stable are these “quasi” periodic oscillations? Why
are QPO present in the radio spectral index? Why does the ra-
dio spectrum oscillate between optically thin and thick emission
in GRS 1915+105 and Cyg X-3, and is that a general property of
QPO? Do the “flat” radio spectra in microquasars and AGN indeed
arise from the combination of emission from optically thick and
thin regions as suggested in Fender et al. (2002)? In order to an-
swer these questions, it is requisite to increase the sample of X-ray
binaries exhibiting radio QPO. For this purpose we investigate on
LS I +61◦303 which is one of the few radio emitting X-ray binaries
which also emits in γ-rays (GeV, Abdo et al. 2009, and TeV, Albert
et al. 2006, Acciari et al. 2008). Moreover, LS I +61◦303 is peri-
odic at all wavelengths on the orbital time scale (26.5 d) and has
revealed microflaring activity (Sect. 2).
Aimed at investigating QPO in LS I +61◦303 we performed
new observations with the Effelsberg 100-m radio telescope. Our
new radio observations and data analysis are described in Sect. 3
along with the description of Fermi-LAT data reduction. In Sect. 4
we present our results and in Sect. 5 our conclusions.
2 THE BINARY SYSTEM LS I +61◦303
The X-ray binary LS I +61◦303 is composed of a Be star (Casares
et al. 2005) and a black hole (Massi et al. 2017), exhibiting radio
outbursts (Gregory 2002; Jaron & Massi 2013) ocurring periodic,
related to the orbital period of ∼ 26.5 days. With an SED peak-
ing above 1 GeV, LS I +61◦303 can further be classified as a γ-ray
binary (see Table 2 in Dubus 2013). Among the black hole bina-
ries discussed above, only LS I +61◦303 and Cyg X-1 have the
peculiarity of emitting at TeV, this, however, being a transient phe-
nomenon for Cyg X-1 (Albert et al. 2006), and also LS I +61◦303
has episodes of TeV non-detection (Acciari et al. 2011).
Two magnetar-like signals were detected from a large region
of sky crowded by other potential sources beside LS I +61◦303
(Rea & Torres 2008). On that basis Torres et al. (2012) put forward
their working hypothesis that LS I +61◦303 could be the first mag-
netar detected in a binary system, and studied the implications. In
the magnetar scenario, as well as for the pulsar scenario (see, e.g.,
Dubus 2013), variability of the Be star would trigger and explain
observed long-term variability in the emission of LS I +61◦303 at
all wavelengths (Gregory 2002; Li et al. 2014; Ackermann et al.
2013; Ahnen et al. 2016). However, following the well-studied (i.e.,
over 100 years) case of the binary system ζ Tau, i.e., also a Be star
in a binary system (Sect. 4 in Massi & Torricelli-Ciamponi 2016
and references therein), Be star variations last 2-3 cycles only and
are of different lengths (Rivinius et al. 2013). Timing analysis of
37 years of radio data performed by Massi & Torricelli-Ciamponi
(2016) reveals that LS I +61◦303 does not show merely 2-3 cycles
which are of different lengths but a repetition of 8 full cycles of
an identical length of 1628 days, well in agreement with the sce-
nario of a microquasar with a precessing jet (Massi & Torricelli-
Ciamponi 2014; Jaron et al. 2016). In addition, as discussed in
Jaron et al. (2016), the orbital shift in the equivalent width of the
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Figure 1. Spectral index of Cyg X-3 from Green Bank Interferometer data
at 2 and 8 GHz. Three oscillations separated by 3 days are evident. Sim-
ilar oscillations are present in the flux density at the two frequencies (see
Zimmermann et al. 2015).
Hα emission line (Paredes-Fortuny et al. 2015), points to variations
caused by a precessing jet.
Optical polarization observations determined a rotational axis
for the Be star of 25 degrees (Nagae et al. 2008). For parallel or-
bital and Be spin axes and the mass function determined through
orbital motions measurements (Casares et al. 2005) a 25 degree
inclination implies a black hole of 4 solar masses, as argued by
Massi et al. (2017, and references therein), who further probe from
X-ray observations that the photon index vs. luminosity trend of
LS I +61◦303 is very different from that of the non-accreting pul-
sar binary PSR B1259-63, whereas its trend agrees with that of
moderate-luminosity regime black holes in general and with the
two black holes in the same X-ray luminosity range: Swift J1357.2-
0933 and V404 Cygni, in particular.
The source is well-known for its strong radio outbursts with
orbital periodicity monitored for ∼ 40 years (Massi & Torricelli-
Ciamponi 2016). Along with this strong radio outburst there is also
evidence of occurrance of microflaring activity with time scales
of minutes to hours. During the decaying phase of one of the ra-
dio outbursts of LS I +61◦303, a step-like pattern was observed
for the first time with the Westerbork Synthesis Radio Telescope
(WSRT) with a characteristic timescale of ∼ 103 s (Taylor et al.
1992). Peracaula et al. (1997) performed the first systematic study
of this short-term radio variability and found a period of 1.4 hours
for these microflares with an amplitude of ∼4 mJy in VLA obser-
vations related to the decay of one radio outburst. Recently, Zim-
mermann et al. (2015) observed during the decay of one outburst
of LS I +61◦303 sub-flares with a characteristic time-scale of two
days (see their Fig. 1). Furthermore, the radio spectral index os-
cillated in a quasi-regular fashion and the local peaks in spectral
index roughly coincide with the peaks of the sub-flares seen in the
total intensity light curves. Finally, at higher energy, Harrison et al.
(2000) discovered a periodicity of ∼40 minutes in an X-ray ASCA
observation associated to the onset of a radio outburst.
3 OBSERVATION AND DATA ANALYSIS
3.1 Effelsberg radio telescope
Our multi-frequency flux density measurements were performed
about every 45 minutes for almost 100 hours on April 17−21, 2014
(MJD 56764.726 until MJD 56768.763). The orbital phase Φ is de-
fined as Φ =
t − t0
Porb
− int
(
t − t0
Porb
)
, where, t0 = MJD 43366.275,
orbital period Porb = 26.4960 ± 0.0028 d (Gregory 2002), giv-
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Figure 2. (a), (c), (e): Original light curves at indicated frequencies. The light curves were fitted with a parabola (black solid line) in order to remove the
long-term trend. (b) Spectral index between indicated frequencies. (d): Spectral index resulting from fitting a power law to all three frequencies. (f): Zoom-in
of the flat spectral index at MJD 56766.304, axes in logarithmic scale. (g): Fermi-LAT light curve. (h): Fermi-LAT photon index.
Table 1. Best-fit parameters of the parabola used for subtracting the long-
term trend from the lightcurves.
Frequency a1 t0 (MJD) b1
4.85 GHz −0.009 ± 0.001 56766.6 ± 0.1 0.16 ± 0.02
8.35 GHz −0.008 ± 0.001 56766.3 ± 0.1 0.13 ± 0.05
10.45 GHz −0.009 ± 0.001 56766.4 ± 0.1 0.12 ± 0.03
ing Φ = 0.68 − 0.83 for our observations. The secondary fo-
cus receivers of the Effelsberg 100-m telescope were used at three
frequencies, namely 4.85, 8.35, and 10.45 GHz (6.0, 3.6, 2.8 cm
wavelengths respectively). Flux density measurements were per-
formed using the “cross-scan” technique, i.e., progressively slew-
ing over the source position in azimuthal and elevation direction
with the number of sub-scans matching the source brightness at a
given frequency (typically 4 to 12). At 4.85 and 10.45 GHz, the
“beam switch”, realised through multiple-feed systems, removed
most of the tropospheric variations, allowing for more accurate
measurements. The cross-scan technique on the other hand allows
instantaneous correction of small, remaining pointing offsets. The
data reduction, from raw telescope data to calibrated flux densi-
ties/spectra, was done in the standard manner as described in An-
gelakis et al. (2015). Problems with the 8.35 GHz receiver caused
the large flagging of data at this frequency. The best data set for
sampling rate and SNR is that at 4.85 GHz. The light curves ob-
tained for all three frequencies are shown in Figure 2 (a, c, e) along
with their spectral index computed as α = log(S 1/S 2)/ log(ν1/ν2)
for Fig 2 b, and as a linear fit to the fluxes vs. frequency in dou-
ble logarithmic scale for every time bin of 45 minutes, shown in
Fig. 2 d.
In order to analyse short-term periodicities, we removed the
long-term trend from the light curves by subtracting a quadratic
function
f1(t) = a1(t − t0)2 + b1, (1)
with best-fit parameters listed in Table 1. The rectified data were
then analyzed using wavelet analysis (Torrence & Compo 1998),
auto-correlation function and Lomb-Scargle periodogram (Lomb
1976; Scargle 1982). We test the significance of found periodic
signals by employing the Fisher randomisation test (Linnell Ne-
mec & Nemec 1985) where the flux is permuted a thousand times
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Table 2. Best-fit parameters as a result of fitting a sine function to the folded
data with period of 15.4 h.
Frequency (Ghz) A (mJy) B (mJy) φ0 χ2
4.85 9.3 ± 1.2 −0.2 ± 0.8 0.7 ± 0.1 0.9
8.35 8.9 ± 0.9 2.1 ± 0.8 0.7 ± 0.1 0.8
10.45 6.7 ± 0.7 0.5 ± 0.6 0.7 ± 0.1 1.3
and thousand new randomised time series are created and their pe-
riodograms calculacted. The proportion of randomised time series
that contain a higher peak in the periodogram than the original
periodogram at any frequency then gives the false alarm proba-
bility p of the peak. If p < 0.01, the period is significant, and if
0.01 < p < 0.1 the period is marginally significant. The data were
then folded on the resulting significant period, and the folded data
were fitted with a sine-function
f2(φ) = A sin 2pi(φ − φ0) + B, (2)
with its best-fit parameters in Table 2.
3.2 Fermi-LAT data reduction
We compare our radio data with GeV γ-ray data. For this pur-
pose we use the GeV data from the Fermi-LAT in the energy
range 0.1–3.0 GeV from MJD 56764.125 until MJD 56768.875.
For the analysis of Fermi-LAT data we used version v10r0p5
of the Fermi ScienceTools1. We used the instrument response
function P8R2_SOURCE_V6 and the corresponding model
gll_iem_v06.fits for the Galactic diffuse emission and the template
iso_P8R2_SOURCE_V6_v06.txt. Model files were created auto-
matically with the script make3FGLxml.py2 from the third Fermi-
LAT point source catalog (Acero et al. 2015). The spectral shape of
LS I +61◦303 in the GeV regime is a power law with an exponential
cut-off at 4–6 GeV (Abdo et al. 2009; Hadasch et al. 2012). Here
we restrict our analysis to the power law part of the GeV emission
by fitting the source with
dn
dE
= n0
(
E
E0
)−Γ [ counts
cm2sec dE
]
(3)
with all parameters left free for the fit, and including data in the
energy range E = 0.1 − 3 GeV. All other sources within a radius of
10◦ and the Galactic diffuse emission were left free for the fit. All
sources between 10◦ − 15◦ were fixed to their catalog values. The
light curves were computed performing this fit for every time bin
of width half a day for data from 2014 April 17 (MJD 56764.125)
till 2014 April 21 (MJD 56768.875). On average, the test statistic
for LS I +61◦303 was 40, which corresponds to a detection of the
source at the 6.3σ level on average in each time bin.
4 RESULTS
The light curves at all three frequencies (Fig. 2 a, c, e) show small-
scale oscillations. Amplitude and width seem to vary from one peak
to the other. The higher sensitivity of 4.85 GHz data give rise to sig-
nificant timing analysis results: the wavelet analysis in the top panel
1 available from http://fermi.gsfc.nasa.gov/ssc/data/
analysis/software/
2 available from http://fermi.gsfc.nasa.gov/ssc/data/
analysis/user/
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Figure 3. Timing analysis results of the 4.85 GHz data. Top: Wavelet plot
with maximum power (red) around 16 hours, at the 99 per cent confidence
level. Bottom left: Auto-correlation function. Bottom right: Lomb-Scargle
periodogram with most significant peak at 15.4 hours.
of Fig. 3 shows that the oscillations at 4.85 GHz have a periodicity
of about 16 hours. The auto-correlation coefficient in the middle
panel of Fig. 3 shows peaks at 15 hours, 30 hours and at about
55 hours. Lomb-Scargle analysis in the bottom panel of Figure 3
gives a dominant and significant feature at 15.4 ± 0.6 h. Indeed,
data at all three frequencies fold with the 15.4 hours period (see
Fig. 4 and fitting parameters in Table 2) with significance of the
oscillations clearly above 8σ. Oscillations are also present in the
radio spectral index α (Fig. 2 d) corroborating the observed spec-
tral index oscillations by Zimmermann et al. (2015, see the bottom
panel of their Fig. 1). The oscillations create a sort of flattening of
the spectral index. and a zoom-in centered at MJD 56766.3 clearly
shows α = 0 (Fig. 2 f).
5 CONCLUSIONS AND DISCUSSION
We observed one radio outburst of LS I +61◦303 with the Effels-
berg 100-m telescope in April 2014 for approximately 100 h at
4.85, 8.35, and 10.45 GHz. We analysed these data along with si-
multaneous Fermi-LAT GeV data. Our results reveal the following:
(i) QPO previously observed in LS I +61◦303 showed time
scales of minutes, hours and days (Taylor et al. 1992; Peracaula
et al. 1997; Zimmermann et al. 2015). Our study determines peri-
odicities of ∼ 15 h. There are three hypotheses to explain the phys-
ical mechanism behind the occurrence of these periodicities. The
first is associated to the geometry of the jet (Rani et al. 2010), the
second one to multiple shocks (Klein-Wolt et al. 2002, and ref-
erences therein), and the third one implies discrete plasma ejec-
tions (Mirabel & Rodríguez 1999, and references therein). In the
first scenario the reason for oscillations is the helical topology of
the magnetic field in the jet associated to Doppler boosting effects.
Since in a conical jet of a microquasar the 10 GHz emission origi-
nates from a jet-segment nearer to the central engine of the system
than the 5 GHz jet-segment (Kaiser 2006), this scenario implies a
longer period for 5 GHz oscillations. This is not compatible with
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Figure 4. Rectified flux folded on the period of 15.4 h, which resulted most significant from timing analysis. Error bars reflect the 1σ uncertainties resulting
from the standard deviation in each phase bin. The data are repeated in the second cycle. The solid line (black) is a result of fitting a sine function to the
folded data. The data are taken from the time-intervals: 4.85 GHz, MJD 56765.64 – 56768.48 (4.4 cycles); 8.35 GHz, MJD 56766.06 – 56767.64 (2.5 cycles);
10.45 GHz, MJD 56765.98 – 56768.48 (3.9 cycles).
our results in Table 2 and Fig. 4, giving the same period for the os-
cillations at all three observed frequencies. Following the Van der
Laan (1966) model of adiabatically expanding spheroidal ejecta of
plasma, the low-frequency emission peak is delayed and weaker
than that at higher frequencies. Our result of a larger amplitude at
lower frequency is in contradiction with this model. Finally, the
shock-in-jet model proposed by Marscher & Gear (1985) and gen-
eralised by Valtaoja et al. (1992) predicts flare amplitudes to in-
crease towards lower frequency, as observed.
(ii) As previously observed in X-ray binaries GRS 1915+105
and Cyg X-3, the radio spectral index of LS I +61◦303 oscillates
in phase with total flux variations, the radio spectral index mod-
ulation being superimposed on a longer modulation whose peak
corresponds to the flattening of the spectral index. This finding is
consistent with the hypothesis that the “flat” radio spectra in mi-
croquasars arise from the combination of emission from optically
thick and thin regions (Fender et al. 2002). The radio spectrum af-
ter the oscillations becomes optically thin with p ∼ 2.0, the γ-ray
emission follows a similar trend with a photon index Γ ∼ 2.0.
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